Background--Low socioeconomic status and poor medication adherence are known to be associated with increased morbidity and mortality among patients with hypertension, but their combined effects have not been studied. We therefore evaluated the joint association of household income and medication adherence with death and cardiovascular disease in patients newly treated for hypertension.
H igh blood pressure is the leading risk factor for death and cardiovascular disease (CVD) globally. 1 Despite effective blood pressure-lowering treatments available, populations of low socioeconomic status often have poor awareness and control. [2] [3] [4] Accruing evidence suggests that socioeconomic deprivation is associated with increased risk for death and CVD. 5 However, among patients newly treated for hypertension, there are scarce data on mortality according to income gradient or on which factors can be improved to lower poverty-related death in these patients.
Previous studies have reported an association between adherence to antihypertensive medication and cardiovascular events. 6, 7 Medication adherence is an important clinical and public health issue, given that nonadherence is a major risk factor for adverse outcome and increased medical cost. 8 Although nonadherence is prevalent among low-income patients, it is unclear whether its effect on clinical outcome varies according to socioeconomic gradient because the combined effect of income and medication adherence has not been fully studied. Therefore, in a large primary prevention population, we investigated the risks for death and CVD hospitalizations according to combination of household
Study Population
We identified 1 977 432 individuals, aged 30 to 80, newly treated for primary hypertension (ICD-10 code I10 with antihypertensive medication; Table S1) from January 1, 2004 to December 31, 2007 . Identification of treated hypertension followed the protocol developed by the Korean Society of Hypertension. 10, 11 We excluded patients with prior diagnosis or medication for any hypertensive disease, prior myocardial infarction (MI), heart failure, or stroke (Table S2 ), or fewer than 2 prescriptions during the first year of treatment ( Figure S1 ). To minimize the effect of reverse causality, we also excluded individuals who died or had a CVD event within 2 years following the index date (N=88 830). Those with incomplete income information, including medical aid beneficiaries, were also omitted from the analysis (N=237 038). The final 1 651 564 individuals were followed until death, migration from the database, or censoring date (10 years from the index date), whichever came first.
Sociodemographic Information and Covariates
As a proxy for household income we used insurance premium, determined by government assessment of salary and assets, rather than self-report. Household insurance premiums were grouped into quintiles among all households in Korea at the index year. Medical aid beneficiaries do not pay insurance premiums; their economic statuses are heterogeneous and are not included in the income quintiles. We therefore excluded medical aid from the study. Working status was categorized into either employed or self-/ unemployed. The Charlson Comorbidity Index was calculated using ICD-10 codes 12,13 claimed during the 2 years before the index date.
Assessment of Medication Adherence
Antihypertensive adherence was determined by medication possession ratio, which is the number of days' medication supplied divided by the number of days in a time period. 14 The medication possession ratio is among the best available methods using retrospective data 15 and correlates well with other adherence measures. 16 We calculated the medication possession ratio for the first 2 years after index date and classified it into 3 levels: good (≥0.8), moderate (≥0.5 and <0.8), or poor (<0.5) adherence, as done in previous studies. 7, 17, 18 We capped the medication possession ratio at 1.0 to discard days oversupplied.
Clinical Perspective
What Is New?
• Both low income and poor medication adherence are associated with higher mortality, but their joint association is more potent than each risk factor individually. • The excess risk by poor medication adherence is greater in individuals with low socioeconomic status, but even with good medication adherence, low-income patients are still at increased mortality risk.
What Are the Clinical Implications?
• Measures to improve medication adherence should be sought to reduce mortality in low-income patients with hypertension, and management of poverty-driven cardiovascular risk factors should accompany these measures. • Because socioeconomic information is readily available from existing data, future research may identify uniquely vulnerable patients for evidence-based interventions to optimize pharmacologic therapy and improve medication adherence.
Outcomes
The primary outcomes were all-cause and cardiovascular deaths. All deaths and their causes were ascertained by linkage to the Statistics Korea database via resident registration numbers. Cardiovascular death was defined as death due to CVD (ICD-10, I00-I99) by certificate. The secondary outcomes were atherosclerotic CVD, a composite of MI and/or stroke, MI, stroke, and heart failure, defined as the first hospitalization with the corresponding condition as the main diagnosis (Table S2 ).
Statistical Analyses
Baseline characteristics were reported as frequency and percentage or median and interquartile range. We used a Cox proportional hazards model to calculate hazard ratio (HR) and 99% CI for each outcome according to household income, medication adherence, and the combination of the 2 (15 levels: 5 levels of income by 3 levels of adherence). Multivariable Cox regression was adjusted for age, sex, employment status, household income, Charlson Comorbidity Index, use of glucose-lowering drugs, use of lipid-lowering drugs, antihypertensive drug class, and medication adherence. We further stratified our analyses by sex, given that health-related behaviors, medication adherence, and mortality may differ by sex. Interactions of sex with income and adherence and interaction between the income and adherence interaction within each sex were tested as continuous terms in the full model. The proportionality of hazards was checked graphically by log-minus-log plot and by Schoenfeld residuals. The assumption of proportional hazards was not violated. Several additional analyses were done on different subsets or inclusion of data. First, monotherapy initiators (N=923 664, excluding first-line b-blockers) and combination therapy initiators (N=572 445) were analyzed separately. Second, given our operational definition excluding individuals with only 1 prescribing visit for stricter identification of treated hypertension, we performed sensitivity analyses including those without further visits (total N=2 163 335) to ensure that excluding these individuals did not alter the association between adherence and mortality. Finally, because our main analysis did not account for lifestyle or clinical parameters, we performed additional analyses on 643 026 individuals with health checkup results closest to, and within the past 2 years from, the index date (median 7.3 months). We added cigarette smoking (never, past, or current), alcohol consumption (none, 1-2 times/wk, ≥3 times/ wk), physical exercise (none, 1-2 times/wk, ≥3 times/wk), body mass index, systolic blood pressure, fasting glucose, and total cholesterol in this model. Details of health screening variables are described elsewhere. 19 All analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC) and R version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria) with survival package.
Results

Baseline Characteristics
A total of 1 651 564 individuals were followed for 15 956 805 person-years. Baseline characteristics by income levels are summarized in Table 1 . Median age was 53 (interquartile range 46-63) years, and 47.5% were women. Age was comparable across income levels, and female sex and employed status were more prevalent in the lowest income group. Individuals with lower income were more likely to be on multiple antihypertensive agents. For the initial regimen, diuretics, beta-blockers, or calcium channel blockers were more common in lower income groups, whereas angiotensin II receptor blockers were more frequently used in higher income groups. Distribution of Charlson Comorbidity Index was comparable across the groups, but patients with lower income had marginally fewer documented comorbidities.
During the first 2 years of treatment, 742 387 (45.0%) patients showed good adherence, 348 236 (21.1%) moderate adherence, and 560 941 (34.0%) poor adherence to antihypertensive medication. Medication adherence tended to be positively associated with household income. Further descriptive statistics stratified by level of adherence are summarized in Table S3 .
Death and CVD Hospitalizations According to Income and Medication Adherence
During 15 956 805 person-years, 136 287 deaths were observed. Mortality rates were higher in individuals with lower household income (1010.9 versus 779.1 per 100 000 person-years; lowest versus highest income). Lower household income was independently associated with increased mortality, even after adjustment for age, sex, employment, comorbidities, antihypertensive medications, and adherence. The HR (99% CI) for all-cause and cardiovascular death were 1.64 (1.59-1.68) and 1.75 (1.64-1.87) in men and 1.31 (1.27-1.36) and 1.38 (1.29-1.47) in women, when lowest-income group was compared with highestincome group ( Table 2 ). Poor medication adherence was also associated with greater risk for all-cause and cardiovascular death-HR (99% CI), 1.70 (1.66-1.73) and 1.95 (1.86-2.05) in men and 1.56 (1.52-1.60) and 1.74 (1.64-1.83) in women-when compared with good adherence and adjusted for covariates ( Table 2 ). There were significant interactions of sex with both income and adherence in association with all outcomes (P<0.005) except for myocardial infarction (P>0.1).
When stratified by the combination of income and adherence, poor medication adherence was associated with higher risk for all-cause and cardiovascular death across all income groups. However, the absolute risks and their difference by adherence gradually increased toward lower household income, especially in men. In lowest-income men, cumulative death rates were 1714.7 versus 1064.8 per 100 000 person-years for poor versus good adherers, whereas in highest-income men, rates were 1110.1 versus 694.9 per 100 000 person-years for poor versus good adherers. After adjustment for covariates, excess risk for all-cause death associated with poor medication adherence was 117% in lowest-income men and 59% in highest-income men (Figure 1 ). Similarly, excess risks for cardiovascular death associated with poor adherence were 178% versus 84% in lowest-versus highest-income men, respectively ( Figure 1 ). There were significant interactions between income and adherence in association with all-cause and cardiovascular death (P<0.001 and 0.020). In women, the difference in mortality risk by income was also present but was not as prominent as in men. Excess risks associated with poor adherence in lowest-versus highest-income women were 73% versus 52% for all-cause death and 102% versus 58% for cardiovascular death (Figure 1 ). Income-adherence interaction did not reach statistical significance in women (P>0.1). Kaplan-Meier curves for all-cause and cardiovascular death showed that both income and adherence were individually associated with survival, but the impact of low income on survival was much less in women than in men ( Figure 2 ). Associations with CVD hospitalizations showed similar joint effects of income and adherence, but interactions between income and adherence did not reach statistical significance for nonfatal outcomes (P>0.1) except for stroke in women ( Figures S2, S3 , and Tables S4, S5).
Additional Analyses
We performed several additional analyses on different subsets or inclusion criteria. First, when monotherapy and combination therapy initiators were analyzed separately, the income-adherence joint associations with mortality and its sex difference were consistently observed in both groups (Figures S4 and S5) . Second, when patients with fewer than 2 visits were added as sensitivity analyses, the HRs were marginally attenuated, but the joint income-adherence associations with mortality and the sex difference remained ( Figure S6 ). Finally, we performed an additional analysis on 643 026 individuals with health examination results. Overall mortality rates in health examinees were lower than in the entire study patients (685.3 per 100 000 person-years). We observed consistent joint associations of income and adherence with death and CVD, as described in the main analysis, but with attenuated HRs when further adjustment was made for cigarette smoking, alcohol consumption, physical exercise, body mass index, systolic blood pressure, fasting glucose, and total cholesterol (Figure 3 and Tables  S6 and S7 ). Income-adherence interaction did not reach statistical significance in this analysis. A fraction of these participants underwent a repeated examination within 2 to 4 years after index date (median 2.8 years, N=466 103). On follow-up, individuals with poor medication adherence had smaller blood pressure reduction than those with good adherence ( Figure S7 ). This trend was comparable across all income groups and after adjustment for baseline systolic blood pressure and other risk factors. 
Discussion
In this nationwide study of newly treated hypertension, we found that low income and poor adherence to antihypertensive medication were associated with increased mortality, and the excess risk by poor adherence was greater in individuals with low socioeconomic status. People with lower household income were not only more likely to be nonadherent but were also at higher risk for death when they were not adherent to antihypertensive medication. From this excess risk from poor versus good medication adherence in our study, we project an absolute risk reduction over 500 per 100 000 person-years for an intervention that would promote medication adherence in the lowest income group, assuming causality between nonadherence and mortality. Of note, Koreans have a high rate of healthcare utilization due to universal health insurance coverage, as evident by the largest number of doctor visits per capita among Organisation for Economic Cooperation and Development countries, 20 and a high participation rate in the national general health screening program (eg, 77.7% in 2016). 21 Therefore, the finding of a significant differential income effect under such a highly accessible healthcare system is unexpected and noteworthy. Socioeconomic status has long been implicated as a major risk factor for death and CVD. 22 Low-income countries as well as low-income subpopulations within developed countries have higher CVD prevalence and mortality rates. 23 However, there is limited evidence of which modifiable risk factor should be targeted for intervention in low-income patients with hypertension. Previous studies have reported that poor medication adherence is associated with morbidity and mortality in individuals with hypertension. 6, 7 Our findings suggest that low income and medication nonadherence are important risk factors for mortality and CVD among initiators of hypertension treatment, and the joint association of income and adherence appears to be even more potent than each risk factor individually. Because these measures are readily available from existing data, it may be possible to identify uniquely vulnerable patients for evidence-based interventions that seek to optimize pharmacologic therapy and to improve medication adherence. Determinants of medication adherence may be multifactorial, including demographics, comorbidities, and socioeconomic status. 24 In our study good medication adherence was associated with older age, female sex, higher income, employed status, concurrent uses of glucose-lowering and lipid-lowering drugs, and single-pill combination antihypertensive therapy, although further study is needed because only a limited number of predictors could be assessed. Use of singlepill combinations may promote adherence and reduce cost simultaneously. 17, 25 Optimal visit schedules or follow-up strategies to maximize adherence in low-income patients should be further studied, and policies should tackle socioeconomic barriers to healthcare access in patients with low income or other social deprivations.
There are several explanations how nonadherence-related adverse outcome could be affected by income gradient. Despite universal health insurance coverage in Korea, relative poverty and its implication in health disparity require attention. 26 In the KNHANES (Korean National Health and Nutrition Examination Survey), patients with low income were more likely to experience unmet healthcare needs and to have uncontrolled hypertension or comorbidities. 27, 28 Limited access to healthcare services in a low-income population may lead to more masked or undocumented comorbidities. 29 Clinical severity and unhealthy lifestyle are also associated with low socioeconomic status and, in turn, with adverse outcome. 30 A high proportion of low-income patients in our study were prescribed 3 or more antihypertensive agents, reflecting greater likelihood of their having severe or uncontrolled hypertension. Furthermore, prevalence of other metabolic abnormalities may also be higher in low-income individuals. 31 In our additional analysis with adjustments for smoking, drinking, exercise, body mass index, systolic blood pressure, fasting glucose, and total cholesterol, the joint association of income and adherence with mortality was attenuated but still remained. Moreover, residual risk by low income in good medication adherers is still unexplained after full adjustments. Therefore, further study is needed on some other contributing factors. Notably, Koreans have higher sodium consumption (4.5 g/d) than global average or WHO recommendations, and sodium intake is even higher in individuals with low socioeconomic status or with other poor health behaviors. 32 Job strain is another important risk factor for higher prevalence and worse control of hypertension associated with low socioeconomic status. 33 Although we did not specify job types, we observed higher proportions of employed workers in lower income groups, where job strain may have contributed to difficult blood pressure control and worse cardiovascular outcome.
The reason for sex difference in poverty-related mortality in our study is not clear. Because overall mortality rate and cardiovascular risk are much lower in women, the impact of socioeconomic status may not be as conspicuous as in men. In our study, medication adherence was marginally higher, and the difference by income was smaller, in women than in men. This is in line with another study reporting higher health literacy in women and smaller gradient of health literacy by income in women compared with men. 34 Differences in social and occupational positions by sex may also provide some explanations. Fewer than 10% of women in our study were employed workers, and conversely, the vast majority of women were dependent family members who may have had less exposure to work-related risk factors and better access to healthcare services, compared with employed workers. Moreover, household income may have a weaker association with health-related behaviors in family dependents, whose individual economic status are not directly represented. Further study is needed to investigate these matters.
Our study has several strengths. We utilized a nationwide longitudinal database that covers the entire Korean population. Hence, we captured nearly all patients who started antihypertensive treatment, allowing a large sample size and long follow-up despite strict identification criteria. Because of this large inception cohort design, detailed stratified analyses by sociodemographic factors were also possible. Furthermore, main exposure variables were derived from objective data rather than from self-report. Especially, NHIS premium is levied according to comprehensive assessment of income and assets and is thus a reliable measure of household socioeconomic status. However, we acknowledge that our study also has some limitations. First, the NHIS cohort is based on secondary administrative data in which all medical information had been collected by healthcare professionals but not strictly controlled for research purposes. In this regard the operational definitions of hypertension and CVD may be prone to misdiagnoses and require further validations in future studies. Nonetheless, diagnosis of hypertension using claims has been well reviewed, and its agreement with medical records has been reported. 15, 35 Generally accepted identification criteria include case exclusion for the previous ≥6 months and availability of data for ≥12 months following index date with ≥2 prescriptions. 15 We used similar standards but a longer window period-24 months before and 24 months following index date-to allow stricter case definition and assessment of comorbidity. However, individuals with high blood pressure but with no records of healthcare utilization would not have been identified. Because people with low income have lower rates of awareness and treatment for hypertension, 2-4 excess risk for mortality with low income may have been underestimated in our study. Second, the household income quintile may not equate to an individual family member's income or a sex-specific or withinstudy income quintile. However, it is unlikely that this measurement error would distort the income-mortality association observed in our study. Third, we arbitrarily chose the first 2 years of treatment for calculating medication adherence. Although considering a longer period of time could provide a more inclusive measure of medication adherence, it may also be more prone to reverse causality or overestimation of adherence. 36 In a clinical setting, attainment of early treatment compliance is often challenging. An Italian population-based study reported almost 50% cumulative incidence of discontinuation of antihypertensive medication at 2 years after initiation. 37 Association of early discontinuation with cardiovascular events was also reported. 38 Therefore, earlytreatment nonadherence would be a reasonable representation of high-risk behaviors associated with adverse outcome. Fourth, lifestyle and some risk factors were not universally available in our data. Thus, we performed additional analyses on a subgroup with health examination results and found similar results. However, information on sodium intake, education level, or a distinction between self-and unemployed individuals was not available. Therefore, some residual and unmeasured confounding may exist. Finally, our study was based on Korean adults under universal health insurance and should be interpreted with caution when applied to different populations or different healthcare systems.
In conclusion, both low household income and poor medication adherence are associated with higher risk for death and CVD hospitalization in individuals newly treated for hypertension, but those with low income are subject to greater increase of risk attributable to poor adherence. Therefore, monitoring adherence is crucial when treating hypertension in low-income patients, and policies should focus on promoting medication adherence in populations of low socioeconomic status. 
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